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Abstract 

The LI-I C at CERN will be t.he largest lr-faclol'Y ever built. The decay B~ --+J/1/J¢--+ 

J.t+ J.c f(+ f( - is chosen os a benchmark channel since it is representative of exclusive 

B physics st.ud ics.In t.his dissertation, we performed the generator level study of the 

channel B~ -- J /1/)(P - 11.+ 11- - I(+ !( - at eMS using a specialized bb generator ca lled 

SHvlUB and usi ng Bt.oVVana fo r Root analysis. The generator level dist.ribuLions of 

120000 events of B~ - J/l/J¢ _ J-L+J1,- 1( +1( - were st.ud ied, in parl.icular t.heir 

helieiLy angle distributions which were not possible to be studied using only PYTH IA, 

QQ and CMSSW. Hence t.hey arc uscfull for the analysis of rca) data when t.he detect.or 

will become operat. ional. 
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Chapter 1 

Standard Model and B Physics 

1.1 I ntroduction 

The universe around LIS is full of diverse physical and non-pbysica l objects both seen 

and unseen by naked eye. Nlan is curio LIS animal and he has been asking questions 

and seek ing answers throughout t he course of history start ing from Aristotle and 

Socrates; arc all the bewi ldering variety of objects seen in nature, made lip of some 

elementary particles? If so how many elementary particles there arc and how do they 

coalesce to form all the physical objects seen aro und us. Particle Physics is a basic 

science that. dea ls with answering these questions that mankind has been [lsking for 

at least the last 5000 years. It is on ly in the last four clccfldcs that \vc have seen a 

reasonable progress towards understanding ourselves and the world around us. 

Our greatest endeavor in basic science, undoubtedly, has been the study of mattcl' 

and its consti t.ucnt particles. Now strengthening the arena of basic scientific research, 

t he greatest synthesis of all t ime which describes the basic interactions of all the 

particles, has been achieved in t he form of the standard !v[odcl of Part icle physics . 

Elementary part.icles can be classified into two mfljor groups; 1.he fennions wi th spin 

1 
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~ and the bosons with spinl. 

1.2 Elementary Particles 

High r:ncrgy partide physics if; basic sciencr. !,lUlt aims t.o find Ollt the fllndament.al 

constituents of matter. This quest has an evolv ing scheme throughout the history of 

mankind. St.arting when people considered fire, water, earth and nil' ns fundament.al 

to when the atom was considered basic. These days we have the qua rks and leptons 

as matter particles tomorrow may be something clsc. 

1.2.1 Fermions 

The fCl'mions arc the fundamental particles wit h half-intcgn:d spin find they obcy 

the Pauli Exclusion Principle. There arc two types elementary fermions: quarks ancl 

leptons (sec Table 1.1). 

Leptons 

Leptons arc fundamental particles with half-integral spin that docs not fecI the strong 

nuclear force. There are three known types 01' flavors of leptons: the elect ron, the 

mllon, and t.he tall. Each fl avor is represent.ed by ft pair of part.icles called a wcnk 

doublet., one of which is a. massive charged particle (like the electron) and t.he other 

is a nearly massless neutra l part icle called a neutrino (such as the elect.ron neutrino). 

T he charged leptons have two possible spin states, whi le only one helidty is observed 

for the neutrinos (all t.he neutrinos arc left-handed, and all t he antineutrinos are 

right-handed). 
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Qua rks 

Quarks arc clemen try particles lVith hal f-integral spin but they arc the only one that 

interact th rough all fOlll' of the fundamental forces. Quarks come in six types or 

flavors and arc named up (u), down (d), charm (c), strange(s}, top (t) and bot.tom (b). 

An tiparticles of quarks arc called anti quarks. Quarks arc not fouud as independent 

entities on nature . T hey arc always fo und as combination of quark antiquark (qq) 

pair states called mesons or groups of th ree quarks (qqq) ca lled baryons. These 

combinations of quarks either a meson or baryon is called a hadron. Three same 

flavored quarks with hal f-integral spin in a ba ryon lead to a cOlltrauic ('ion with the 

Pauli Exclusion Principle and the Penni-Dirac s tatistics for systems composed of 

idcnt ical fcrmions. T he Pauli Exclusion Principle states that ill t he baryon (qqq) 

state, the three valence quarks can only be formed in the ant isymmctric final s taic. 

To satisfy this requirement physicist came up with the idca of an internal quantum 

number called "color", T he color of each quark in a baryon is such that it makes 

thc cOlllbination qqq all <tnlisYIllTllctric state. Thcre are t.hree d ifl'erent t.ypes of color 

named after three basic colors red (1'), blue (b) and green (g). T he mcsons and baryons 

arc color neutral or color Singlet. 

1.2.2 M ediator Particles 

Fcnnions intcract with each ot.hcr with mediator particles. The mcdiators arc spin 

1 vcctor bosons. These arc photon, gillon, W+, W- and Zo boson. Thc photon (-y) 

is responsible for electromagnetic interaction, W+, W- and Zo bosons take part in 

weak interaction and gluons (g) are res ponsible for strong interaction. T he photon 

and gillon arc masslcss and chargcless particles howcvcr the mass of W+ , W- is 



" 
80.39GcV /e2 and Zo has a. mass of 91.188CcV /e2 as shown in the 'Ta.ble 1.2. 

Table 1.1: List of Elcmcntry Particles (Leptons and Quarks). 

FERMIONS 
Leptons spin (l) Quarks spin (1) 

Mass Electric 
Approx. 

Electric 
Flavour Flavour r.,'iass 

GeV (e' Charge 
GoV /e2 Charge 

Electron neutrino 
(0-0.13) xl0-' 0 

up 
0.002 

( v,) ( u) 

Electron 
0.000511 -I 

down 
0.005 

(e) (d) 
Muon neutrino 

(0.009-0.13) x 10-' 0 
charm 

1.3 
( u,,) (e) 

rvluon 
0.106 -1 

strange 
0.1 

(I') (5) 
Tall neutrino 

(0.04-0.14) x 10-' 0 
top 

173 
(v, ) (t ) 
Tau 

1.777 -I 
bottom 

4.2 (r) (b) 

1.3 Fundamental Forces 

There arc four bas ic forces that enable the interact ions betwccn particles, c]ccEl'Omag-

neti c, weak, strong and grav itational force. An interact ion between two particles is 

defin ed as t he CXciHl.IlgC of mcdial,ing pmtidc (sec Table 1.2). The Strong Force, being 

t he strongest of all, causes the interaction between quarks tha t holds t hem together 

in haclrons. It is mediated by 8 kinds of gluons that exchange the quantum number 

called 'color' between the qua rks. Leptons can not interac t strongly as they do not 

have color quantum number. Electromagnetic force which causes the electromagnetic 

, 
" 
1 

-3 

, , 
1 -, 
, 
3 

1 -, 
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interactions between the charged particles, is mediated by photons. Weak Force which 

is responsible for the weak interaction between the particles, is mediated by the W+, 

V"r - and Zo hosons. Weak interaction changes OIW qllflrk flavor t.o t.he other. Weak 

interaction can OCCl\I' between quarks and leptons because it co lor independent. The 

range of weak force as predicted by the uncertainty principle is l O-18m whereas t he 

range of strong force is 10-15m. Neutrinos have no charge and do not experience 

elec t romagnetiC force but t hey do participate in weak interaction. 

Gravitational Force, presumed to be mediated by the graviton, is still unknown 

to us. Gravitational force is ignored in t he picture of high energy physics as it is an 

order of 30 magnit udes smaller than weak force. 

Table 1.2: List of Four I3asic Forces. 

Force Gauge Boson Mass Charge Range( m} Relative Strength 

Strong 8 gluons 0 0 10 " 1038 

Electromagnetic Photon 0 0 infinite 1036 

Weak W , Z bosons 81,92GcV ±1,0 10 " ] 025 

Gravitational Graviton 0 0 infinite 1 

1.4 Symmetries in the Standard Model 

Symmetries, as wide or as na rrow as you may define its mean ing , is one idea by which 

man through ages has tried to comprehend and create order, beauty and perfection. 

The concept of symmetry has been of ever increasing impo rtance in fundamenta l 

theoretical physics. Therefore, in determining the dynamical structure of Standard 

lVlodcl (SM), symmetry is advised as its founciation stonc. 
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1.4.1 Gauge T heories 

Particles and thei!" interactions arc described by gauge theories, a special class of 

quantum tllcories which arc invariant under Lorentz transfonnation. The invariancc 

principle implies the existence of interactions that arc mediated by gauge bosans. 

Gauge theories involve two kinds of particles; ones that carry cha rge and others 

that mediate interaction that arc mediated by gauge bosans. The particles that 

carry charge arc the fundamental fcnnions and non-abelian gauge boson , whereas 

the particles mediating interactions consists solely of gauge hosans, both abelian and 

non-abelian. The abelian gauge bOSOllS do not interact with each other wh ile the 

non-abelian gauge bosans interact with each other. 

To date, three of the observed forces of nature have been successfully described 

in tcrll1!:i of gauge symmetrie!:i and these forces can be described in terms of unita.ry 

groups of <liO'ercnt dimensions. Physicist describe comoina!.ions of gauge groups as 

SU(3)cxSU(2)£,xU(1)1' . There arc (N2_ 1) gauge bosons in the gauge theory de­

scribed by the groups SU(N). The group SU(3)c describes strong interaction known 

as quantumchromodynamics (QeD) . The gauge field of this theory is the glllon which 

is massless. The group SU(3)c has 8 generators as predicted by the theory. The group 

SU(2) describes the weak interact ions. 1t has three generators which correspond to 

W+, W- and Zoo This theory describes the interaction of on ly left handed particles. 

POl' left handed particle the spin and momentum are anti-pl:ll'allcL 

The theory describ ing the electrodynamic interaction is quantum electrodynamics 

(QED). It is constructed by applying the principle of loca l gauge invariance to the 

free Dirac Lagrangian. The corresponding operator U=eill belongs to abelian group 

U(lh', where the ga.uge H is just a real number. To const ruct the locally invariant 
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transforms a left-handed neutrino into a right-handed anti-neutrino, which docs ex ist. 

If CP were an exact symmet ry, the laws of Na ture would be the same for mattor 

and antimatter. Vic observe that most phenomena arc C~ ancl P~symmctl'ic , and 

therefore, also CP-symmctric . In particular, these symmetries arc respected by the 

electromagnetic, and strong interactions. \,-Vhile weak interactions violate C and P 

scpMatcly, CP is still preserved in most weak interaction processes. T he CP symmetry 

is , however, violated in certain raTe processes, as discovered in neutral J( decays in 

1964 [1], and recently observed in neutral B decays. 

There arc I.hrae different types of CP violation ill lucson decays: 

1. CP violation in mixing, which occurs whcn thc two neutral mass eigenstate 

admixtures cannot be chosen to be CP-eigenstates. 

2. CP violation in decay, which occurs in both charged and neutral decays , when 

the ampli tude for a decay and it.s CP-conjugate process have different magni­

tudes. 

3. CP violation in the interference of decays with and without mixing, which occurs 

in decays into final states that are common to 8° and rf. 

1.5.1 Cabbibo Kobayashi Maskawa (CKM) Matrix 

At present t he observed CP-violating effects arising in the neutral I<-meson system 

can be incorporated successfully in the Sf..,1 of electroweak interaction, within the 

framework of 81'..,1 , CP violation is closely related to the quark mixing lnatrix , the 

CI<J\r[ matrix connecting the clectwweak cigellstctes (d , s, b) of the d , sand b-quarks 

with there mass eigenstates (d', S', b') th rough the followi ng unitary transfonnation[2], 



( ;: ) ~ VCKM 
( ; ) 

( 

Vud Vus VUb ) 
VeNAl = Vol V es Veb 

Vt.d Vts Vf.1! 

By definit.ion t.he CIGd matrix is a unitary matrix: 

A A A A A 
V tCKM ,VCKtI/ = 1 = VCIU,f.VtCJ(M 

Unitarity of C I< t>.1( Matrix implies: 

where (i,j,k = 1,2,3) 

1.6 B Physics 

o if(j f k) 
2:Vij.V;k = 

1 if (j ~ k) 

1.6.1 Bottom Quark 

9 

(1.5. 1) 

(1.5.2) 

(1.5.3) 

(1.5.4) 

In 1977, an experiment (CFS E288) led by physicist a.nd Nobel laureate Leon Lcd-

erman at F'e rmilab provided the first evicicllce for the exist.ence of the bottom quark 

[3] . The experiment discovered a part.icle, now ca lled t.he upsilon (T), wit.h fI, mass of 

9.5GcV, composed of a new kind of quark (bottom) and its antimatter partner (anti-

bottom). At the time of discovery, it was the most massive particle ever discovered . 

It has mass of 4.20 GcV[4]' bottomncss number -1, spin ~, isospin a and even parity. 

The bott.om quark can decay eit her into up or charm qua.rk via weak illteraction. 
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1.6.2 Production of B~ Mesons at Hadron Collide rs 

A B~ meson consists of a anti b-quark and s-quark ancl is in pscudoscalar state. Its 

nnti particle is made up of b-q uark an d ant.i s-quark. It has a. mass of 5.3G9GcV /e'1, 

The prcsent fi nd t.he coming generat ions of hadl'Oll collidcrs prov ide an excellellt. 

iahorat,ory to st.udy t.he physics of b .. f\avolH'cd haclrons. The targ<' prodl\ction cross 

sections and high luminosities , achievab le in hadron coll idcrs a ll ows them to compete 

wi t h c+c- machines, despite the low branching fraction of li)-pairs production in 

hadron collisions (Table 1.3). In addition , the present 0+0- collidcrs at. SLAC and 

KEI< work at center-or-mass ellergies of the T (4S)( 1O.[)8GcV) 1'I .. 'SOIUUU.!C, where sollie 

of heavy b-ftavoured had rons heavier than B± or B3 (such as B~ , AI" etc) cannot be 

produced. 

These facls make t.he hadron colliders by far Lhe largest. source of the b-navourcd 

hadrons. After the launch of the Large Hadron CollideI' (LHC) at CERN, scheduled 

for 2007, t.his pp machine with center-of-mass energy of 14 TeV, and luminosities 

ranging from 1033 cm - 2s -1 to 103'*cm- 28- 1 will become the worlds leading b-physics 

facilit.y. 

Table 1.3: The bb-pair production at LH C and other accelerat.ors. 

B-factories tEP Tevatl'o ll tHe 
Prod. mode 0+0- ~ 1(4S)~ bb e+e- _ ZO _ bb J1p-bb+ X pp~bb+X 

eM e ne rgy 1O.58GoV 91.2GoV 1.8TeV 14ToV 

u(bb) 1.25nb 7.7 nb ...-.50 11.b '-'"' 500 Ji.b 

u(bIJ)/u, .. 0.25 0.22 ~ 6 .10 + ~ 2 . 10 3 

In had ron co llisions, heavy quork pairs arc produc(..'<i in t.he strong int.eraction of 
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the parl.ons composing t.he incoming hacll'ons. The cross section of this process can 

be estimated in QeD [5J. At the leading oreler the heavy quark pairs arc mostly 

produced via gluo n fus ion (Fig. 1.ln), quark-nntiqunrk annihil a tion Iii; _ QQ (Fig. 

l.lb) and gl uoll spli t.t.ing processes gg ---+ QQ (Fig. !.lc). In case of high energy 

pp collisions, Lhe latter two processes make dominant contributions to the total cross 

section. T he inclusion of the next-to- leading order diagrams into the calculation of 

t.he cross section is discussed in 16J and the case of lib-pair production at Lhe LI-I C arc 

studied in detail in 171 and 18J . The cross section is estimated to be approximately 

500IIIi , where t.he cOllLribut.io[)s from t.he gluoll fusion , gilion splitting ami flavour 

excitation processes arc found to be of t he comparab le order in t.he calculation of the 

cross section and is very complicated , however t.he prospects. 

9 a q Q 9 

9 Q q Q 9 Q 

(a) (b) (e) 

Figure 1.1: Some of the leadi ng order diagrams, describing heavy-flavour product.ion 

in hadron collisions. 

After theub-pair is produced in hadron collision, t.he quark a nd antiquark undergo 

hadronizfl.tioll (fragmentation) into b-flavoured hadrons. T he JJl"obability of the quark 

Q to fragment. into a meson (Qq) is described by so-ca lled fragm entation functions. 

The t;ross se<.:tioll of t he produd ioll of the given u-flavourcd meson ill hadron collision 
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can be found by convoluti ng the QeD cross section wit.h the corresponding fragmen­

Lat ion funct ion . In the case of the e MS experiment at. LH C, t. he value of BR(b __ 

B~ ) ::::: 0.107 is suggested for the branching fraction of t.he li quark fragmentation into 

Lho B~ meson [81. 

1.6.3 T he B~ ----> J /'0 \6 ----> /-'+ 11'- K +K - D ecay a t e MS 

In the B~ decay the strange quark serves as a specta tor qua rk while the b quark turns 

into c quark with the emission of W+ Boson which further decays to c, S quark. The 

cc forms J/t/J while S8 forms ¢ meson. The Fyonman diagram for 8~ ---+ J/1/1¢l decay 

exhibit ing the b(s) _ cCs(s) tra nsit ion is shown in Fig. 1.2. 

T he B~ ---+ Jj"" ¢ decay channel followed by J/1/J ---+ 1.L+,t- and ¢ ---+ 1(+1( ­

decays, which is the a im of the current. study, is a particular case of the B~ decny into 

the CP cigenst.at.cs. This channel is usually rcfcrred to flS a gol d~ plated t. ransition, 

hcC'l'Ulsc it fl llows the investiga t.ion of .a.m", .a.r~, r~ , r!', r~' ,as well as t he extractio n 

of t he Wolrenstein para meter 11 [9], fixing t he height of the uni tariLy triangle [10J. 
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c 
J/IjI 

b 

• • s s 

Figure 1.2: colour suppressed diagram fo], B~ - J!VJ¢ 

Some of Lhe leading order diagrams, describing hcavy~ navour production in hadron 

collisions. 

T he decay B~ -4 Jj'fj;¢ -10 J1.+ft - l( + J< - is of pa.rticular interest , since it allows the 

study many of properties of the B~ system, such as the differences between the widths 

and the masses of the two weak eigenstates, B~f and B; . Contra ry to the 8 0 system, 

the difference between the widths .6.rs of the two weak cigcnstates is expected to be 

large , with a relative difference .6. r s/rs pred icted to be of t he order of 10% in the 

Standard Model. The first measurement from CDF (.6. rs/rs = G5~~~± 1)% [l1 J and 

t,he new preliminary resu lt from D0 (.6. r",/rs = 15± l O~~)% [121 have discrcpcncics 

bet.ween the two measured values themselves and with the Standard rvlodel prediction. 

It is only very recently that a first measurement of the mass diffe rence, 6.ms [13J, has 

been performed at CDF'. Time integrat.ed meaSlII'cments arc not possible, as the timc-

integrated mixing probability saturates at a value of 0.5 for large mass differcnccs, 
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and in t imc-dl'pcndcn t, mcasurcmcnl.s, t he high mnss difference general ('~<; vcry rapid 

oscillations. 

I\ s in the 13~ syst.em the ra tio 6.ms/ 6.J"'11 depends 011 t.he rfltio !VcbVc.sI/ IVr,,vt sl, 

which is quiLe well known, and on QeD correct ions, a measurement of 6.f .• would 

t.hcl'cfon .: yield au illucpcnt\cllt meas urement of 6.rl t". Wit.h t he measurement already 

performed in t he 13° system, the !"Illio between t he mi xing panunctcl's of t he 8 ° a nd 

B~ could prov ide a measurement of t he ratio I\II,II/Wldl. 

Purthcrmorc this decay provides one of t he best ways to determi ne t he height of 

t he Uni tari ly 1tianglc, 11 in t he Wolfcll!:ilcill paramctl'iZal,ioli . At fi rst order of t he 

Wolfcnslcin parameterization, the CP-vio!a t.ing weak phase 4>CK/If = larg(Vcs * \feb )­

o1'rl( V, 1I * Vtb )] , measn red in t he rate asymmetry ca ncels, lind higher order terms have 

to ue LukclI, y idding u weak pha;"c 4J = 2)..2 1/. T he weak ph".::.o it. l.ilClcrorc e:>..pectcd 

to bc vcry small , of the order of 0.03. Thc tUeaSlll'CItlCut of n s ignifi<':H ll lly la rgc phasc 

would indica te contri butions from non-Standard Model processes. 

T he total && production cross-section a t Js = ]4 TeY is expected to be as high as 

50DI,b. The cross section for the decay chain B~ _ J/1/J ¢ at LHC energies, including 

!l Isa the kinema.tic cuts a lso , can be given as follow[14J: 

a( 13~ _ JN4» = a(bb) .13R(b - 13~). 13R ( 13~ - I N<I>)· 13R(JN - 1,+,,- )·13R(4) -

f( + f(-),cJnue 

where the fac tor Ckiue = (2.5890 ± 0.0024)%, which is t he probability for t he fi nal 

decay products to pass t he kinematical cuts , is obtai ned from the SIMUB t-,1ionte 

Carlo genera tor. 

where 0'(&&) = 500J.l,b, 

13 /1(b - 13~) = (1 0.7 ± 1.1 )%, 



/JII(lJ~ ~ .IN</>) = (9.3 ± 3.3).10-" 

1311( J N ~ 1'+ 1'-) = (5.88 ± 0.10)%, 

Ii II( </> ~ f(+ f( - ) = (49. 1 ± 0.6)%, 

'h", = (2.5890 ± 0.0024)% 

a( B: ~ Jf,JHP ~ 1'.+1,.- 1(+1( - ) = (74±27)pb . 
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\-Vith kinema tic requirements , lIsing t he world average bnmehing rat ios for the 

decays of 13~ -+ J /¢¢ -+ Jt+ JI - f( + 1( - the cross-scction for Ollr channel is predicted 

to be 74±271Jb. The number of B~ -} J/1/lt/J -+ {L+,L- J(+ I( - events prod uced at cr·,i\S 

wit.h difl'crcllt Integrated luminosities a rc shown ill the Table 1.4. 

Table 1.4: The number of B~ -+ J/1/Ji/J -+ I.L+,L- I(+J( - Events produced p CI' year at 
eMS. 

- Low r..'lcdil ltll High 
Instantaneolls Luminosity (£) 

l x l032 I x l 03J 1 X IOlIl 
cm- 2s- 1 

Integrated Luminosity fo r 1 ycar(L) 
] x 106 1 X 107 l x 1Q8 

nb- 1 

No of Events/year 
7.4xl04 7Axl0s 7A x l 0G 

N = I •. " 

A fi rst measurement of one of I.he main paramet.ers of I.IlC n~ system, the relat ive 

difference of the weak eigenstates, could be determined with a s tatistical uncertainty 

of 0.011 in a samplc corresponding to an integrated luminosity of lOjb- '. A firs t 

mensuremcnt undertaken on approx imately 1.3jb-' of data could already yield a 

measurement with an uncertainty of 20%. A natural extension of t his study should 

be a t.agged analysis, for which flavor tagging algori t hms need to be developed. 
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1.6.4 Angular Analysis 

The final state of the B~ --+ J/1/J¢ decay is an admixture of the CP cigcnstatcs. Since 

J/VJ and ¢ arc massive vector mesons (JPc = 1-- ) with the same (even) CP, the ir 

zero-a.ngular-momentum spectrum consists of states with orbital angular momenta 

L = 0, 1, 2 (even, odd and even respectivciy). The angu lar dependencies of CP-ocld 

and CP-cvcn components arc diA'erent and can be separated through their angular 

distributions. 

The angular distributions of the final st.ate components can be described with 

only three physical angles . Typically the angu lar analysis is performed in the hclicity 

frame shown in (P ig. 1.3). In the rest frame of the B~ the di rc<:tioll of flighL of the 

¢ meson defines the II-axis. T he X- l:.L'Xis is defined as arbitrary fixed direct ion in the 

plane normal to the z-axis. The y-axis is then fixed uniquely via y = z x x. The 

right-l13ndecl coordinate system is assumed. 

The angles (81+ , XI+) describe the direction of the J.L+ in the rest frome of the 

J/1/J. The angles (8f(+ , Xf(+ ) give t he direction of K+ in the <p rest frame. The third 

physical angle X is defined as X = X/+ - XI\+[ l Oj. 
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Figure 1.3: DcfitlaLion of t.hl'CC angles 8/+, 8 1- , X/+, describing tIle kinematics of t.he 
B~ _ J /1/;4; decay chain in the halicity frame of reference . 

In general, the angular distributions of the final state components have t he fol-

lowing form: 

(1.6.1) 

where 9;(8/+, 8f{+. X) arc the Angular dist ributions, depending on the ki nematics 

of the fiuAI state and b,(t) arc the time evolution of physical obscrvablcs . The quan­

tities bi(t) arc t he bilinear combination of transYcrsity am plitudes corresponding to 

t.he linear polarization of the final state Ao(t) , All(/.) and A.dl) [151. 

T he way of extracting the mixing parameters [8,91 and the CP violating Wolfcn­

stein parameter 1] [9J in the B~ --+ Jj1/J¢ -> 1t+J.t- 1( + 1( - decay is provided by the 

st.udy of t,he nngular dist ributions of t.he fintd s t,at,c , One of th0. m\vant,ages of 1 bis 
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met hod is the possibility of extraction of the CKM phase!;. The method of anguiur 

onaiysis also provides a possibility to extract the frequency of particle-antiparticle 

oscillat.ion from t.he Aavour-t.aggcd sample. T his possibi lit,y is indeed nt,tractive, since 

the B~ oscillations arc vcry rapid and the possibility of their direct observation may 

be limited by the resolution of the detector. 

The mix ing in the B~-~ system gives rise to the mass cigcnstatcs B~' and B~' with 

li fetimes wbich arc expected t.o difrer by about. 10 to 30%. To a good approxilllatioll, 

CP violation can be neglected in calculating heavy and light mass eigenstates, in 

which case they correspond to the odd and even CP cigcnstatcs respectively. The 

final state of the decay then represents an admixture of the CP-eigenstates . 



Chapter 2 

The CMS Experiment at LHC 

The new frontiers of particle physics arc t he searches for extremely elusive particles, 

which arc produced in processes with vcry low cross scct.ions, t he fcmto barn being 

t.he natural unit. With current technologies, icptonic collidcrs arc not able to reach 

the high energies needed for these searches, which con presently be achieved only 

with hadron collidcrs. Despite the proclucLion of a lot of low ellergy particles result­

ing in a not clean environment. , a proton-proton co llideI' if compared to a icpton ic 

interaction, offers the possibility to span over a wide r energy spectru m that can be 

explored s imul ta neously a nd permi ts to roach higher production rates. These arc the 

motivations for the CERN choice for the Large Hadron CollideI' (LI-I C) . 

2.1 The Large Hadron Collider at CERN 

2.1.1 T he Accelerator 

The Lflrge Hadron Collider LHC [16] will be the most powerful hadron collider ex­

pecled to nlll next year. It is under construction in the nlready ex isting LEP [17] 

tunnel at CERN laboratories in Geneva, Switzerland. The Large Electron-Pos itron 

19 
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collideI' LEP, which ceased to operate in the year 2000, was a circular e+e- accelera­

tor, s it uated about. 100m deep underground across the French-Swiss border. T he new 

accelerator LHC will produce collisions between proton beams with centro of mass 

energy VS=14TcY , the highest va lue ever reached in accelerator experiments. It was 

planlled to produce t he first collision ill April 2007 and start, the physics program 

[mm August 2007, but. unfortunately it would be somewhat late due to some t.echni­

cal problems. To reach such a n energy, proton beams will be accelerated by existing 

CERN facilities of (Fig . 2.1), which will be upgraded. Protons will be accelerated and 

brought up to 50rvlcV by a linear accelerator LINAC. A Booster will raise tho beam 

energy up to lACeV injecting proton beams into the old circular accelerator PS (Pro­

ton Synchrotron). The 25CeV energy beams extracted from PS will be injected to 

a bIgger ci rcular accelerator SPS (S uper Proton Synchrotron), which will introduce 

450CeV proton beams into the LHC ring. The tunnel of LHC is a 26.659km cir­

cumference, composed of 8 curvilinear sections (2.840 km) and 8 rectilinear sections, 

where the beams arc brought to collide. The accelerating power of LHC is limited by 

the bending magnetic field needed to keep the beams circulating in t.he t.unnel, and is 

p[GeV /e[ ~ 0.3B[T[p[m[ (21.1) 

where B is t.he magnet.ic fie ld supplied to maint.a in particles wit. h moment.um p 

in a circular orbit with radius p. The choice of 7'TeV beam energy is forced by the 

maximum achievable magnetic fields and depends on the radius (4.3km) of t.he exist.ing 

t.ulIlIel. rcsultillg ill rvlagnctic field (5AT) Cr able 2.1). For the collisions which occur 

between part.icles of the same kind , a un ique magnet.ic field is required to accelerate 

the proton beams in opposite directions ancl the two beam pipes wi ll be inserted into 
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a single cryostatic structure with t he slIpcrconclucting magnets and the corresponding 

coils. 

IRe 

PS 

Figure 2.1: Overv icw of LBC with four main detectors. 

After its launch, scheduled for year 2008, LHC will become the world leading 

facilit.y for high-energy hadron physics. Since \'wo beams with particles of equa l charge 

;l.l'C t.o collide in LI-IC , dipole IlHl.gnctir. fields of opposi t.e polarity arc required for bOI;h 

beams. T he LHC beams arc t herefo re separated, each having its own acceleration 

ring, 5upcrconducting d ipole magnets and vacuum chambers . T he beams share only 

the short fractions of the beam pipe in the experimental areas . 

The event rate at the LHC can be estimated lIsing t he relation. 

(2 .1.2) 
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Where (1 is the cross sect ion of t he events under study. T he proportionality factor L 

in (Eq.2.1.2)' called luminosity, represents t he technical cha racteristics of the collide!', 

depending on the beam parameters sllch as number of particles pCI' bunch , revolution 

frequency, transverse beam profiles, beam-to-heam crossing angles and others. 

In pp collisions at. LI-I C, the maximal luminosity of 2x l 033cm- 2s- 1 during the 

phase- I (fi rst several years of operation) and of 103'lcm - 2s - 1dul'ing the phase-II of t he 

accelerator is intended to be achieved [18]. T he main technical properties of the LHC 

accelerator, whon working at peak luminosity in pp collision mode, arc summarized 

in (Table 2. 1). 

At. present, t here arc four experiments (Fig. 2.]), in preparat ion for working 

at the Ll-IC environment in t he proton-proton collisions mode. T wo of them, crvls 

[i9] lind ATLAS [20]. arc the genewl-purpose detectors, deSIgned to work lit t.he 

penk luminosities mentioned lIbove. The main gOllls of these two col!aborat.ions is 

the exploration of the limits of t he Standard fo,lJodcl, se{l]"chcs of Standard iVlodel 

and Supersymmetric Higgs bosom>, supersymmetrie partners of the Standard rvlodcl 

particles and high precision physics of t and b quarks. 

T he other two experiments, scheduled to work in proton-proton collision rnode 

arc LH Cb [2]] and ALICE [22]. T he LHCb experiment is ded icated for the b-physics 

studies at the luminosity of 1032cm- 2s- l . T he LHC accelerator will also run with 

collisions between beams of lead (20BPbB2+) ion. The heavy ion collisions will be 

principally studied at specialized ALlCE experiment, with CMS lind ATLAS also 

ha.ving a heavy ion programs. 
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Table 2.1: Technica l properties of the Large Hadron CollideI' at CERN, relevant. to 

the pp high luminosity mode. 

Circumference 26.659 kill 

Maximum Dipole field 8.33 T 

ivlagnct Temperatu re 1.9 I( 

Beam energy at. inject.ion 450GcV 

Beam energy at collision 7TcV 

Nominal Luminosity 1 x 1034 cm- 2s- 1 

Number of Bunches 2808 

Number of particles pCI' bunch 1.15xlO Il 

Bunch separation 24.95 ns 

Totul crossing angle 285 ILWel 

BUllch Length (Lm.s.) 7.55 em 

Transverse beam size at Impact Point 15 11 III x15/·on 

Luminosity lifetime 13.9 h 

[-' illing t.ime pCI' ring 4.3 min 

Energy loss p CI' turn 7 keV 

Totul radiated power per beam 3.8 kW 

Stored energy pCI' beam 362 MJ 
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2.1.2 Main Goals of LHC 

Our current understanding of t he universe is incomplete. The Theories that we cur­

rently usc to describe it leave many unsolved questions. 

• T he reason why elementary particles have mass and why thei r masses are differ­

ent arc among the most perplexing questions. The answer may be the so-call ed 

Higgs mechanism. The Higgs field has at least. one new part icle associated wit.h 

it, the Higgs boson. If such a particle exists, t he LHC will be able to detect it. 

• A vcry popular idea t.hat cou ld partly expla in why all t he matter we sec in 

t.he Universe counts for only 4% of the total mass, is ca lled slIpcrsymmctry, or 

SUSY. SUSY predicts that for each known particle there is a 'sll pcrsymmctr ic ' 

partner. If SUSY is right, t.hen supcrsymmetrie particles should be found at the 

LHe. 

• The LBC will also help us to so lve the mystery of antimatter. ~ll atter and 

ant imatter mU1:it have bccn produced in the same amounts at t he lime of the 

Big Bang. From what we have observed so far , out" Universe is made of only 

matter . Why The LBC could provide an answer. 

2.2 The eMS Detector 

The Compact Muon Solenoid (C~'iI S) [231 is a multipurpose part icle detector designed 

to study proton-pro to]] collisions at Lhe Large Hadron CollideI' at CERN (Fig. 2.2). 
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2.2.1 General layout of eMS 

T he Compact tvluon Solenoid ex periment, eMS [24], is a general purpose detector 

which will operate at LHC. The main feature of C!vIS is t he 4 T supcrconducting 

solenoid t haL permits a compact. design of t he det.ector with a strong magnet.ic field. 

The d esign priori t. ies fnlfill ccl by the eMS projf!ct. (25) arc a redundant muon system, 

a good electromagnetic calorimeter and a high quality tracking syst.em. 

The structure of eNIS is typical of a genera! purpose experiment designed for a 

col!idcr: several cylindrica l layers coaxial to t he beam direction, referred to as barrel 

layers, closed at both ends by detector d isks orthogonal to the beam pipe, t.he cnclcaps, 

to ensure detector hcrmcticity. in Fig. 2.2 a schematic view of eMS is d raw n point ing 

out the cyli ndrical symmetry of the experiment, which has a full length of 2L6m, a. 

diameter of 15m and reaches a total weight of 12500 to n, 

The natural coordinate frame llsed to describe the detector geometry is a. right­

handed Cartesian system with the x-axis point ing to the cent re of the LHC ring, the 

z-ax is co incident with t he CMS cylinder axis and t he y-axis directed almost upwards 

along the vcrtical. The cy lindrical symmctry of CiV!S des ign and the inva riant de­

scri ption of pp physics dri ve to use a pscudo-angular refercnce frame, given by t he 

triplct (1', ¢, 7]), with r bcing the distance from z axis, ¢ azimu t hal coo rdin ate with 

rcspect to x axis and pscudorapiditY(17). In this reference frame it is easy to describe 

the C1VIS subdctectors, tha t arc installed radially from inside out. 

T he crvls detecto r has two main parts as follows: 

1. The Barrel Region 

2. The Endca p Region 



(a) Porward Region 

(b) Backward Region 

(c) The Very Forward Calorimeter 
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T he eMS subdctcctors and magnet , that arc installed radially from inside out arc: 

• Tracker: r < 1.2m , 11} I < 2.5 Silicon pixel vertex detector plus 198m2 a.ctive 

area of Silicon microstrip detectors to reconstruct charged part icle tracks and 

identify primary and secondary vertices. 

• E C AL: 1. 2m < r < l.8m , I 'f} I < 3 electromagnetic calorimeter to precisely 

measure electrons and photons, compos(xl by PbWO.j scintillating crystals flud 

a [01 ward prcshowcr dctcctol. 

• H eAL: l.8m < r < 2.9m , I'f] I < 5 Iwdron ca lorimeter system for jet posi t ion 

and transverse energy measurements, extended in the forward region 3 < 11/ I 

< 5 with a vcry forward calorimeter (1-117). 

• Magnet: Coil 2.9m < r < 3.8m , 111 I < 1.5 the magnct, large enollgh to accom­

modate most of the calorimeters and the inner tracker, with a 4T longitudinal 

magnct.it: field supplied by a Supcl'conduct.ing solenoid. 

• M uon Syst e m: 4.0m < r < 7.410 , 1111 < 2.4 muon chambers merged insidc 

the magnet yoke to detect and reconstruct muon tracks, composed by Drift 

1\lbcs (DT) in t.he barrel and Cathode Strip Chambers (eSC) in the cndcaps 

and complcmented overall up to I 711 < 2.1 by Resistive Pla.te Chambers (RPC). 
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Figure 2.2: General layout of the eNIS detector at the Large Hadron Collider at 

C8RN. 

2.3 Geometry of eMS 

2.3.1 T he Magnet 

T he eMS magnet [26J is a 13 m long sllpcrconciucting solenoid wit h a diameter of 

5,9m. It. provides an inner uniform 4T magnet ic ficici, t.o permit precise mcnsurcmcnts 

of chmgcd particle transverse momentum with a la rge bending power. 

T he conductor consists of three concen t ric parts: it central supcrconci ucting cable, 

a high purity aluminium stabilizer ancl an external aluminium alloy to reinfo rce the 

sheath. T he slIpcrconci ucting cable is it Rutherford type with 40 NiT b s trands and 

is kept cooled by it liquid helium cryogenic system. T he magnet.ie flux is closed in a 
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loop via. a 1.8 m thick saturated iron yoke, instrumented wit h foul' muon stations. 

The coil accommodates the tracking system and most of the calorimeters and it 

is also a supporting structure for the inner part of the apparatus , because it is the 

main clement ill terms of size, weight anclmostly structural rigidity. 

2 .3.2 The Tracker 

The silicon tracker [27J is inner detector of eMS. It is the closest to the interaction 

point and represents an essent ial detector to address the multiplicity of LHC physics 

goals. It extends in t he region I 1] 1< 2.5 , r < 120cm, Izi < 270Clll and it is completely 

based OIl semiconductor detectors made of silicon covering the largest ever-designed Si 

detector surface of 198 m2, Using the tracker, VCI't. i ccs ancl charged part.icle tracks have 

to be reconstructed in the highly congested LJ-IC environment. To better solve the 

pattel'll recognition problem, the tracker is designed to fulfill two basic properties: low 

ccll occupancy and large hit redundancy. For these reasons it is structured in an inner 

silicon pixel detector surrounded by several layers of si licon microstrip detcdors of 

different size and pitch between the strips. T he low occupancy is obtained by working 

with high granularity detectors, mainly the ones closer to the interaction point because 

they have to cope with higher particle fluxes , and fast primary cha rge collection, 

obtained with thin detectors and overclepleting the silicon bulks. Redundancy is 

guaranteed by the overall design, whieh allows mally measured points per track within 

an acceptable material budget to avoid impairing t he electromagnetic calorimeter 

performance too much. In this wayan average of 12~ ]4 points (hits) pCI' twck are 

guaranteed 1.0 permit a high t.racking efficienc), and a low rat e (10.3 or less) of fake 

tracks, which arc reconstructed tracks but do not corresponding to any real t rack. A 
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consequence of high particle density is the radiation damage of t he silicon sensors. 

2.3.3 T he E lectromagnetic Calorimet er (ECAL) 

A high performance ElcctrollHlgnctic Calorimeter (ECAL) is a fundamental require­

ment. for any general purpose LHC experiment for precise measurements of electrons 

and photons. T he design of eMS ECAL [28) has been prompted by the possibility of 

observing the decay of a light Higgs boson into a pair of photons. Since in the region 

mll<l ~IOGcV /c2 the intrinsic I-riggs width 1"'/1 is less than lOO ]'vlcV, t he invariant. mass 

resolut ion is dominated by experimental resolution, which should be of the order of 

1 % to enhance the significance of a possible signal. 

T he eMS colla borat.ion has chosen a homogeneous calor imet.er com posed of finely 

segmented crystals of lead tung~tate (PbWQ,,), which is a radiation resistant and 

chemica lly inert sci nti ll ator suited to work in the LI-IC high dose env ironment (from 

0.18Gy/h at 1 T/ 1= 0 to 6.5Gy/h at I Tf 1= 2.6 at high luminosi ty). Moreover, lead 

tungstate also has a short scint illat ion decay time = lOns that a llows to collect 85% 

of the li ght in t he 25ns interval betwecn two pp collisions. T he small rVloli cre radius 

7 of 2Ulmm and radiation length 8.9mm permit the shower containmcnt in a limited 

space resulting in a compact calorimetcr dcsign . It is organized in a barrel region 

I 1] 1<1.48 and a. forward region to cover t hc pscudorapidity area below 3.0. It is 

com posed of 61,200 crystals in the barrel region and 21,528 in the enclcaps groupcd 

in 36 supermoci ules. T he crysta ls have t rapezoida l shape with squared fron t faces 

Rnd arc s lightly different in the two regions: in the barrel they are 230111111 long with 

it tota l rad iation length 25.8Xo and 22x22mm2 front section, equal to the t-,llolicre 

radius. The granulari ty is 6.1] x 6.!p=O.0175 xO.0175, high enough for effic ient 1TO - "( 



30 

scparaLion. The collection of light is performed with si licon avalanche photodiodcs 

(A PD ), which are able to operate inside a. high magnet ic field and can add ress the 

low light-yield of the crystals. 

In t he endeaps, the crystals have 24.7x24.7 mm2 square front sections and smaller 

length (220 mill) and hence a smaller radiation length (24.7Xo), because in front of 

t he endeaps a prcshowcr with X = 3Xo in the two regions 1.65 < I 1) I < 2.6 is 

foreseen. Each preshower is composed of two lead radiators and two planes of silicon 

microstrips to increase the nO rejection power in t he highly irradiated forward regions, 

wliich arc also afrcdcd by the dC{;l'casc ill performance due to the larger granularity 

at higher 117 I, wi th a mn...'(imum value of b.7] x .6.<p=O.05xO.05 in the very forward 

crys tals. The higher irradiation levels would also induce too high leakage cu rrents in 

APDs, therefore the fo rward crystals are read by vacuum photo-triodes (VPT). 

2.3.4 T he Hadron Calorimeter 

The Hadron Calorimeter (I-ICAL) is used together wit h the ciectromagnetic one to 

measure the energy and direction of jets, t he t ransverse energy E-r and the imbalance 

of tra nsverse energy, or missing transverse energy, EriSS. To fulfill t hese requirements, 

it has to be t hick enough to contain the whole had ron shower and have high hermetic­

ity. Sill ce it is placed inside the magnet, it can not be made with ferromagnetic mate­

rials . The Ct-,rIS HCAL [29J is a sampling calorimeter with 3.7mm t hi ck active layers 

of plastic !:icintiJlators alternated with 5cm thick brass plate absorbcr!:i. The signal is 

readout with wavelength-shift fibres. The granularity .6.1] x .6.<p= O.087xO.087 is fine 

enough to altow an effi cient eli-jet, separation. It is subdivided, as can be seen in Fig. 

2.22, into barrel ( I fJ 1<1.4) and endcap (1.4 < I.,., I < 3.0) with an overall t hi ckness 
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varing from 8.9 to 10 interaction lengths AO respectively. 

Since t he barrel part of the calorimeter is not s ufficiently th ick to contain all the 

energy of highly energet ic s howers , an addiLiona! "ta il-entcher" of scint illator tiles is 

located outside the magnet. To improve the pscudol'apiciity coverage from I fJ I = 

3 to I II I = 5, fl vcry forward calorimeter (HF) is placed outside the magnet yoke, 

11 III a.way along t he beam direction from the nominal int.erac tion poi nt. It is an­

other sarnplillg calorimeter with adivc c1elllents nll:lclc of quartz fi\;res parallel to the 

beam interleaved into st.eel plate absorbers. The active clements, whose granularity is 

D.TJ x .6. r.,o= O. 17xO.1745 ,arc sensitive to Chcrcnkov light and arc readout with pho­

tOlllult.iplier Lubcs. Wit.h this configurat.ion the complex of CrlllS hadron calorimet.ers 

has an overall depth of more than 11>'0 over the full 1171 <5 coverage. 

2.3.5 The M uon System 

The muon system [30J is placed outside the magnet , embedded in t he iron return 

yoke \.0 make full use of the 1.8T magnet. ic ret.urn flux, It pla.ys fill essential role in 

the CNIS trigger system, because high 7Jr muons arc clear signatures of many physics 

processes. The main goal of this system is to ident.ify muons, find when combined with 

th e trackcr, measure t.heir transverse momcntum P'I', and it. is also uscd for precise 

time meas urement of the bunch crossing [311. 

It is organized into three independent s ubsystems shown in the barrel , where the 

track occupancy is relatively low «10 I-Iz/cm2 ), and drift tubes (DT) are installed, 

while in the cndcaps cathode strip chambers (CSC) a re favoured to work with higher 

particle rates (> 100 Hzfcm2 ) and a larger residual magne t.ic field with in the yoke 

plates. These two s ubsystems cover the 1 f} I <2.4 region and arc arranged in a 
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multi-layer RtJ'\l('t.urc t.o efficient.!y reject. single hits prm\!wfxl by low mngc pfHticlcs. 

In t he region I t] 1< 2.1 redundancy is provided by rc.sistivc plate chambers (RPC), 

which have a limited spatial resolution, but a faster response and excellent ti me 

resolution, less than 3n8. They arc used mainly for unambiguous bunch crossing 

idcut.ificaLion allt! also to coltlplement the DT+CSC measurement. of liT during the 

t rigger period, because RPCs can be finely segmented s ince they do not demand 

a costly readout system. Drift Tubes arc composed of parallel aluminium plates 

insulated from perpendicular "I" shaped aluminium cathodes by polycarbonatc plastic 

profile. T he anodes arc 50111m cliarnet.cr stainless steel wires placed octwcCll t he "I" 

cathodes. The interna l volume is called with a binary mixture of 80% Ar and 20% 

CO2 at aLHlospileric pressure, because Lids gas is llOU-flalilll!ablt! and call be safely 

used in underground opermions in large volumes, as required III C?-,I[S. Eueh of the 

dri ft tube stations is composed of three groups (superlayers) of four layers of drift 

tubes, of which two arc parallel to the beam axis for r-rp measurement, while one is 

orthogonal for z measurement. The resolution is about 100mm both in r-rp and r-z 

views. 

Cathode Strip Chambers are composed of arrays of anode wires between a pair of 

cathode planes, segmented into strips perpendicular to the wires . Gaps are filled with 

a gas mixture of 30% Ar, 50% CO2 and 20% CF4 . The interpolation of t he signal 

of neighbouring strips a llows a precise spatial mcaSlll"cment of the <p coordinate with 

50mm rcsolution. Resist ive Plate Chambers [lrc made of piunes of a phenolic resin 

(bakelite) with a bulk resistivity of 1010 _10 11 nem, separated from aluminium stri ps 

by an insulating film. T he gaps are filled wit.h a non-flammable gas mixture of 94.5% 

freon (C2H2F'4) and 11.5% isobutane (i-C4H\o), which opera tes in avalanche mode to 
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sustain the high rates. 

2 .3.6 T he Trigger system 

While pp collisions occur at a rate of 40 ]\11Hz, it is impossible to store on tape all the 

informatiotl about every collision, pradi<.:ai and technical difficulties impose a Jilllit 

of about 100 Hz in the acceptable rate of permanently stored data. Furthermore, the 

rate of interesting events is smaller by order of magnitudes than I.hc total interaction 

rate, hence a t rigger system is built up with the two fold task to reject a factor 4xl05 

of the col!isions and to select in a short time the interesting pbysics events with high 

efficiency. 

The eNIS has two-step trigger and data. acquisition system, designed to inspect 

t he detect.or output. at full bunch crossing frequency and to store t he selected events at. 

the maximal allowed storage rate of 100 Hz. The first level trigger (L1) is a hardware 

trigger designed to reduce the rate of acccpted events to less than 100KHz. It is based 

on the ident.ification of muons, electrons, pho\.ons, jeLs and missing transverse energy. 

The second level t rigger or ]-ILT (High Level Triggcr) is a sofware trigger, running on 

Lbe dedicated farm of commercial processors and designed to reduce the maximum 

L1 output rate to the final output rate of 100Hz. The bandwidth of 100Hz should 

then be shared between all the channels of interes t. 

Leve l- l TI' iggel' 

The Level-l trigger selection is based exelusively on calorimeter and muon chamber 

information, processed with hardware logical ci rcuits [32], though with coarse granu­

larity. The Level-l trigger system is required to be capable of processing every 40M 1-17. 
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pp co llision and reduce to 100 kHz the data ra te to pass to t he HLT. At LHC startu p 

the CtvlS LcvcI-l output rate will be reduced to only 50kHz for low luminosi ty and it 

will be raised to the designed 100kHz at full LI-IC luminosity. 

High-Level Trigger 

The High-Level trigger [33] selection (J-ILT) is realized with a software running Oil a 

farm of commercial processors. The goal of ]-ILT is to reduce the Lcvcl-l output rate 

to 100Hz mass storage with dedicated 'fast' algorit.hms. 

2.3.7 eMS Physics Motivation 

The scarch for now particles and physics processes beyond the so-ca lled Standard 

Model of pflrticle physics is the main motivat,ion of the eMS scientific program. The 

ove ra ll des ign of the detector is motivated by tbe variety of the physics signatures 

foreseen: 

1. The major goal of CrvlS is the sea rch for Standard tvlodel and d iscovery of Higgs 

boson in proton-proton collis ions at high luminosity, which is responsible for par~ 

tide masses and the key clement of the Standard Model. T he Supersymmetric 

Higgs bosons can be searched at CtviS. 

2. The other important topic to study with CiVlS is the search for the supersym­

metric par tners of the Standard Model particles. If Supersymmctry is indeed 

realized in our world, Cl'vIS might be able to detect the decays of squarks and 

gluinos. To achieve 

this goni, finnl s t.a.1. C',$ with nllmerous jets and hard lept.ons shollid he s t.udied. 
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3. Taking Lhe advantage of working at the low luminosity (£ = 2 x 1Q33cm- 2S-I) 

mode during the first severa l yea rs of the LBC operation, the eMS collaborat ion 

plnns a number of st.udies in t.he fidd of h-physic.s. Here t.he most, import.ant, 

I,apies are the study of the osci lla tion of the neutral b-f1avoured mesons, st.udy of 

the CP violation in B-decays, measurement of the parameters of t he unitarity 

triangle. In addition to t he B~ __ J/1/1(- 1+1 - ) ¢(_ f(+J( - ) channel , 

discussed in this thesis, decays /J3- .J/,I/J(-- l+l - ) !<s(-- n+1T- ), /3~--

1f + 1f - (both for ex tract.ion of angle /3 of the unitnrity triangle) and others will 

a lso be studied. 

II. Also LHC environment provides an excellent laboratory to study the physics of 

the top quark. Even in the low luminosity phase of the accelerator, t.I pairs will 

be produced with a rate of about one pCI' minute. The top quark was discovered 

at Tevatron in 1994 [34, 35], nevertheless its mass is sti ll known with a relatively 

large uncerta inty. The precise measurement of the top mass therefore becomes 

therefore one of the major goals of LHC. 

In order to be able to rletect. efficiently t.he var iet.y of physics signatu res listed 

above, the design of the eMS det.ect.or should allow precise measurements of the 

photons, muons and electrons over a large energy range. Special ca re should be taken 

for the efficient det.ect.ion of the soft muons coming from the b-decays. The detector 

should also provide a possibility for precise reconstruction of charged tracks over 

a large range of transverse momenta. Accounting for large multiplicity of charged 

partieles in t he hadron collisions and high luminosity of the LJ-IC, the detector should 

be granular enough in order to minimize the probabilit.y of t he pile up particles to 

be in the same det.ector unit. as int.crcst.ing object.. In addit.ion, UlC identificat.ion 
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of t he b-dccays, which is cquai!y important for Higgs, t and b-physics , requires the 

reconstruction of secondary vert ices wi th a very high space resolu t ion. 



Chapter 3 

Sofware P ackage 

3. 1 Introduction 

j'vlany ex periments in Nuclear Physics find Particle Physic!) need physics even t gener­

ators. These will be lIsed to drive the simu lation Bnd experimental proposals and test 

the analysis. In facl. t he validity of I.ho finally results of some of t he mosl complex 

ex periments depends lipan t he quality of the event gcncmtor and t he s imulat ions . 

An "Eve n t Gen er ator" [36J is a piece of code wh ich generates a list of events. Each 

event is a list of particles s imaltanollsly seen in a detector . Typically each particle 

is panunctcri 7.cd by a particle-type, and an initial momentum vectol'. In addition an 

initial position or vertex may also be needed. "Physics Eve nt G e ner ato rs" produce 

events which are disl ributed 1.0 reflect. a n aspect of physics. Typically I.his means t.hal. 

th e events arc d istribu ted t hroughout a detector in the sa me way as nature would 

distribute them. 

tvlontc Carlo (tvIC) methods a rc a type of numerical calculation. They can be 

dcscribed as stat istica l simulations utilizillg scqucnCCl) of random numbcrs to perform 
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the simulation. tvlC techniques arc used extensively in high energy physics experi­

ments, where experimental data describing the phys ics of the interactions and thei r 

expected behavior in the detector arc modeled and studied. Some of event generators 

arc Pythia [37), QQ [38), and EvtGcn [39[. 

SIrvlUB [40] is a Monte Carlo Event Generator of B-mcson production and decays 

which is developed at Dubna for the Compact lvluon Solenoid (eMS) Project at 

CERN. The main motivation for this activity was that, already existing generators 

do not take into account the theoretical refinements wbich are of great. import.ance 

for ]'I'IC studies of B-dccay dynamics. In particular , in the generators PYT HIA , 

QQ, and EvtGen , the time-dependent spin angular correlations between the fillal­

state particles arc not included in the proper way for the so called «golden decay" 

B~(l) , B':(l)~JN(~1 1 1 )<p(~/( I /' ). 

The events arc produced with the dedicated SIMUB generator, which uses PYTHIA 

for production and fragmentation of the bb pairs. The dynamics of this decay is de­

scribed by a four dimension probability distribution function depending on decay 

time and three physical angles. The algorithms of multidimensional random number 

generation have been elaborated and then implemented in the package SlI'vlUB to pro­

vide tools for t-,IIC simulation of sequential two-body decays BO(t), IfU) --+ a(--+ 

a] a2)b( --+ hb2) in accordance with theoretical time dependent angular distributions. 

T he study of decays B~(t), H:(t) --+ J/1/J( --+ l+l - )c/J( -- f(+ f( - ) , which is one 

of the gold plated channels for B-Physics studies at the LHC, looks very interesting 

from the physics point of view. It presents severa l advantages related to the dynam-

ies of these decays , characterized by proper- lime-depcndcnt angular d istribut ions of 

transversity amplituclcs . 
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3.2 General structure of program SIMUB 

The package for generation of production of B-mesons and t heir decays, SIIvIUB, is 

kept uncleI' the d irectory SHd UB which has the following main parts: 

• bb_gcn - routines needed to generate bb events (FORTRAN, PYTI-I JA, 1-18001<). 

• bb_frg - routines performing string fragmcntfltion a nd generation of B-mcsons 

(FORTRAN, PYTHIA , HBOOK). The program is a part of BB_dec program 

bu t may be used as independent program. 

• BB_dec rout ines performing B-clccays (C++, FORTRAN, PYTHI A, H800K , 

ROOT) and storing the results into standard HEPEVT format Ntuplc for fur­

ther Ilsage in the Ctl'lS det ect or simulation or in formaL JETSET for nn<lly-

s is(F ig. 3.1 ). 

User directives User directive 

, 
FORTRAN ~ C++ 

FORTRAN e • 
PYTHIA 

PYTHIA • ROOT • HBOOK 0 
HBOOK z • • u 

Final Nluple 
ill HEPEVT or PYJETS formats 

Intermedia te Ntuple with events 
at parton level in PYJETS format 

Figm c 3.1: The' Aow of rln.t:a within t.hc package SIMUB. 

• incl ude - a collection of common blocks for bb_gen, bb_frg and BB_dec. 
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To simulate t he B-meson production in pp coll isions with PYTHIA (programs 

bb_gcn and bb_frg), we used the mod ified rout ines from the FORTRAN-based pack­

figC. T he da tn. flow between t,hrcc mnin parts (hb gen, bb frg , FInd 13 13 dcc) of I,he 

package SIMUB is organized in the following two steps: 

• In the fi rst step the vb-events arc generated by the program blLgCIl flnd written 

to Nt uplc bb..--X.-YYV. 

• In the next step the program BB_dec reads Il}-cvcnts from Ntuplc bb.-X... YYY 

and performs t he string fragmentation (via call bbJl'g) and decay of B mesons. 

The decay modes and mcchanisllls arc defined by user. The full informa t ion 

about B decay events is stored in Ntup le BB_dec.nLp!. 

3.3 E vent Generation 

3.3.1 Genaration of vv in bb_gen 

The "bb_gcn" is the subd irectory of SHvlUB package used to produced bb events by 

using PYT HI A which fur ther had ron ize to B~ meson in fur ther processes. III this 

subdirectory bb events are produced and written to Ntuple "bb..JL YYY " as well as 

listing of the program which arc stored in subdirectory data. BB/bb_geILout. T hat 

Ntuplc further used in bbJrg as an input to generate t he B~ meson. It contains some 

subdirectr ies as follows: 

• mak - tvlakefile needed t.o crcfLle the exec:utab le and example. run sc:ript, provided 

to run compiled program. In bb_gen run file fo llowing PYTHIA parameters are 

lIsed to generate bb events: 



- set variblc" blLgC1LOUtl> ~ ou tput directory. 

NRUN b to defi ne the rlill Humber (0 ... 999) . 

NEVT sets the number of events to be produced. 
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(VIRPY set.s the initial PYTHI A rando m Humber seeds (0 ... 900000000) : to 

obtain new events yo u need to change lvIRPY. 

tvlSEL = 5 is Llsed to produce ,Iii in every event. 

• hill - preprocessed FOHTRAN source fil cs, cO lupilcu objcct.s and cxccutablcs . 

• ana - ROOT jC++ scripts provided for analysis. 

• src - T he name of each sOllfce file in "hILgcn/src" corresponds to the na me of 

l'Outmc. All routlllCS needed to genera te bi) events arc lIst.ed below: 

~ U gC1Lmain.F" : Generates PYTHIA parton events containing bb pairs , . 

- "gClLuinit. F" : Reads user directives needed for program running and per­

forms PYTHJA initialisat.ion. 

~ "gClLltiniL.F" : Defi lLes and initia lises outgoing NLup!e as well as some COI1-

tro! histograms. 

"geILloop.F" : Generates PYTHIA events within a loo p. 

"geILcheckbb.F" : Checks if the event has b quark (s) . 

"geIL hfiU.F" : FiUs Lhe control hi st.ograms. 

- "geILwritc.F" : Stores the evcnt information in outgoing Ntupic. 

gClLca ic.F : Checks the subprocess type and counts the number of events 

for diA"cl'cnt. t'Ypes of IXl-production subprocesses. 
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- gCILpy lis t.F : Provides the P YTHI A listing for each type of fib-production 

subprocc!:iS . 

- gCfLCl1 cLF : Termination routine. Adds t he record with information abou t 

the run to t he Ntupl c. 

To run /!li generation jobs, the uscr should go to the "bb_gcn /mak" d irectory. To 

compile sources, t he t<Makefi lc" is provided. It is enough to type ugmakc", t hen execute 

it with command crull' which creates Ntupic, for example bb_5_355, in which 5 and 

355 shows tv]SEL and NRUN respectively. 

3 .3 .2 b-quark Fragmentation into B7 in bbJ r g 

Tile files needed to perform string' fragmemat ion and decays by PYTHI A are kCPL 

undor the "bbJl'g" directory. In this program "bb_frg" rcads bb events from the Ntuplc 

"bb-X-YYY"and perform the string fragmentation and decays. The events a re written 

down in Ntuple a nd list ings are stored in subdirectory "dataBBjbb_gClLoutjbb_fr~ou t 

". It contains subdirectories a na, mak , bin , src. T he name of each source fil e in 

"bb_frgjsrc" cor responds to the name of routine. These rout ines and directories a re 

listed below: 

• "frg_main.F": Main program to read generated bb events from Nluple "bb-x'" YYY" 

, perform string fragmenta.tion and user dependent event processing by PYTHIA ; 

placed in "bb_frg j mak" directory. 

• frg_uinit .F : Reads user directives needed to run the program. 

• frg_pinit.F: Ini tialises PYTI-lI A. 
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• fr~loop. F': Wilhin a loop OV('f the ft'quircri input, flIes il opens input Nt l1pic, 

reads it event by event, closes inpu t Ntupl e, and finally, for each input. file prints 

some sta tistical illformation. 

• fr~proccvcnt.F' : the string fragmentation is performed with clHl nncls and se­

lection which were set by lIscr in "bb_frg/mak/ nm" file. 

• gClLcnci.F' : Termination rout.ine. 

To build the fragmentation job, one has to go to his "SHvIUB / bb_frg/mak" direc­

tory. The compilat ion is similar to that for "bb-8:cn" program. 

3.3.3 B~ d ecay a nd A nalysis in BB_dec 

All "bb_frg" functions can be done in program "BB_dec". Addit ionally program 

"BB_dec" can perform decflYs with complicated physics mechanism (with add itional 

option "COPT S[J"). In this case program "BB_dee" by calling "bb_frg" rout.ines remls 

bb-evcnt.s from Nt.uplc "bb-X-YYY" and pcrforms the ~tring fragmcntation (PYTH IA) 

and decays (PYT HIA) apart. of the B~-mcson decflYs, if thc opt ion with decay cbanllcl 

"COPT Sil " is sct . In case "COPT SI1 " thc information about B~-mcsons (w hich will 

be decnye<1 by physics mechanism) is written in PY,lETS (PYTHIA) common block. 

Then program reads momentum and vcrt.cces of these O-mcsons a nd performs B~­

<Iecays. Infonnation a bout decay prod ucts is wri ttcn in PY JETS. Then "bbJrg" storcs 

all fina l part.icles in external files in directory "dat.aBB/ bILgeILout/ BB_dcc-out". 

For compilation and Running of the BO_dec Program aud build the B~-decay sim­

ula t ion, one has t.o go t.o "SIMUB/ BB_dcc/mak" dircclory. The ItMakefile" scri pt. may 

be found thcre. Thc USCI' ca ll not cxculc simply the command "gmakc" because the 
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SOlllTC files arc pJfl.(,cc\ in ('ompli c:at.cc\ t.ree of directories. There is a fi le mak<,_ rclcasc 

for this purpose. T he main program is placed in "SH.,11UB/BB_dcc/mak" directory. 

To compile and run t he program, onc should go to "Snl'IUB/ BB_dcc/mak" directory 

and execute t he command makc....rclcasc. 

SJ[v!UB includes followi ng Decays of 132 and ~ mesons: 

3.3.4 BtoVVana 

The package BtoVVana [41] has been developed to analyze the decays of neutral 

pscudosca iar B-mesons into two vector mesons decayi ng into two muons and two 

pscudoscalar mesons. Two channels of t his type arc included in t he B-physics gcncr-

ator SIM UB used here for precise testing of the package BtoVVana: 

These channels con tain rich physics information because of nontrivial angular dis-

tribu tions and time dependence of the decays. T he package BtoVVana and program 

codes for the channels B~ --.-) JI1/J ¢ and B~ --.-} Jj .,p 1( · in the rvlantc Ca rlo gener-

a.tor SIMUB wcre wri tten in paralicl and mutually tested with high precision. The 

systematic study of t hese decays will be performcd after year 2007 a ll the LHC de-

tectors. About 200,000 B~ ---t .llt/)(p events at. t he Cr·/IS, 100000 cvents at the ATLAS 
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ami 75 000 cv('nts at the LHCh arc cxpC<'lcci to he Avail ahle during firs t. yea r of low 

luminos it.yoperation. 

Files of the package BtoVVa na arc kept under t.he I3toVVana directory which 

contains subdirectories mak, sre, doc, res . 

• !:ire contains the source codes of tho progra m. 

• mak contains f.,rlakefi le, comman d fites for com pilat.ion make release and cxecu­

Lion fUll . 

• bin contains the results of Lhe compi lation (object, fil es) and Lhe exccutable file 

(this d ireclory is created automatically by command make release). 

• doc includes documentations. 

• res is the lIscr directory for data and rcsulls. 

3 .3.5 P repa ra tion of input fi les by the SIMUB generator 

Subpackagc SHvIUB/ BB dec allows one to obtain the events with B~ --I J/ t/J¢ --I 

/1.+,1,- J( + J( - decays with full physics contents by setting the channel opt ion COPT 811 

in command file BB dee/ mak/ nm [36J and using t.he decay mechanism option 80SM 

1 (130DM I) and decay channel option BOSe 1 (BODC 1) for BOs (BOd) mesons. The 

format. of t.he SI:\IUB event is defined by opt.ion FR:\1T. Subpackagc SI:\IIUB/ BB 

dec li n:; a mode; tvlode Loop==2 to produce events in the format. readable by the 

program BtoVVana. The variable Mode Loop is set. in t.he file BB dec/mak/ run by 

option MODO 2. In I.his case the format defined by option FRMT is ignored nnd I.he 

events are wri t ten in ROOT tree in t.he format defined in the constructor of class T 

Loop (subpackagc SIr./IUB/BB dec) in the following way: 



i f(Modc...Loop~~2) { 

hfile= new TFilc(f!1ame,"RECREATE"," J3~ -) J j iJJiJI or 133- > J/IVf(* t.ree"); 

tree = new TTrcc("T" ," IJ~ - J/\II<Tl dccn)' j.rec") ; 

trcc~>Bl'anch{"VB" ,&VB ,"x/O:y:z:t:tau"); 

trcc->Branch{"PB" ,&PB ,"x/D:y:z:E:M"}; 

trcc->Branch{"Pa." ,&Pa ,"x/D:y:'/,:EJvl"}; 

trcc-> Branch(,;Pa,l " ,&Pa l , "xl D:y:z: E: tvl"); 

trcc-> Branch{"Pa2" ,&Pa2,"x/ D:y:z: E: tv!") ; 

trcc->Bmnch("Pb" ,&Pb ,"x/D:y:z:E: tvl"); 

t rcc-> Branch("Pb 1" ,&Pb 1 /'x/ D :y:z: E: l\il "); 

trcc-> Branch("Pb2" ,&Pb2,"x JD:y: z: E:!VI"); 
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Here fname is the name of the output file defined by option OUTF NAME. root, 

the branches VB and PB define the secondary 4-vcrtcx of B-dccay and "I-moment.um 

of B-meson, branches Pa and Pb define 4-1110mentUl11 of J/ t/J and ¢ mesons , branches 

Pal l:Hld Pa2 define 4-1ll0men\.Ulll of /.L+ and l.t - mesons, branches Pbl and Pb2 define 

4-momentum of K+ and K- mesons. 

3.4 ROOT 

After many years of experience in developing interacti ve data analysis systems like 

PAW[42], it was realized that the growth and ma intainability of these products , writ­

te n in FORTRA N and using 20-year-old libraries, had reached its li mits. Although 

still popular in the physics community, t hese systems do not scale up to the cha l­

louges o(J"erod Ly the n~xt generation partide accelerator: the Large Hadron CollideI' 

(LHC), currently under construction at CERN, ill Geneva, Switzerla nd. The expected 
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amount of data prod uced by LI-I C will be of the order of several pctabytcs (1 PB = 

1,OOQ,OOOGB) pCI' year. This is two to t hree orelers of magnitude more than what is 

being produced by t he cu rrent generation of accelerato!,::i. This was the mot ivation to 

build ROOT framework . 

ROOT is an object-oriented framework aimed at solving the data analysis cha l­

lenges of high-energy physics. It was originally designed for particle physics data 

ana lysis allel WilLa-ins several features specific to t his fi ckl , Lut. it. is also cO!l1!l1011ly 

lIsed in ot.her applica.tions where large amounts of data need to be processed such as 

astronomy and dat.a mining . It is writtcn in C++ language. It is marc lIscr friendly. 

The ROOT package contains many lIseful func tions that make our analysis compre­

hensive and easy. Some of the importa nt functions arc histogramming and grA phing 

La visualize and analyze distri bu tions and funct ions, curve fiLting and milllmizaLion 

of fUllctionals, statistics tools used for data analysis, matrix algebra , four-vector com­

putations, as lIsed in high energy physics, standard mathematical functions, 3D visu­

ali zat ions (geometry) and interfaci ng Monte Carlo event generators. 

A key feature of ROOT is a data conta iner ca iled tree, with its substructures 

branches and leaves. ROOT's focus on performance is caused by the amollnt of 

data that the Large Hadron Collider 's experiments will coilect, estimated to several 

petabytes per year. Physicists are expected to analyze thi s data using ROOT. Cur­

rently ROOT is mainly used in data analysis and data acquisition in high energy 

physics experiments most current ex perimental plots ancl resu lts arc obtained using 

ROOT. 

tvlany particle accelerators usc ROOT for t he physics analysis e.g. BaBar, COP, 
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PH EN IX find also future detectors as ALICE, ATLAS, eMS, LH Cb. Some impor-

tanl. classes that I have used in my code arc TVccLor3, 'rRoiation, T LorcntzVcctor, 

T LorcntzRotatioll and some histogram classes. 

3.5 Lorentz Transformation 

[n physics, the Lorentz transformation relates mCfl ::; ul'cmcnis of spacetime betwccn 

two d iffcl'cn l. ohservers, where one observer is in constant motion with rcspect to t.he 

ot.her. Assume there arc two observers 0 find Q, each using their own Cartesian 

coordinate system to measure space and time intervals. The observer 0 uses (t,x,y,z) 

and Q uses (t', x\ /, .,,') . In the rest frame of 0, the relative velocity of Q is v along 

x-axis then the Lorentz transformations for frames in stnnrlnrrl ('onfi~urn !ion :1.r(': 

, _ ( n.T.) 
I - "f 1'- 2 ' c 

x' ~ ,(.T - vt), 

, 
y = y, 

z = z, 

where "( = JI {lul I e'l l is called the Lorentz factor. 

(3 .5.1 ) 

(3 .5.2) 

(3.5 .3) 

(3.5.4) 

A boos!. in ft genera l direction can be para meterized with three pflramctcrs which 

can be taken as t.he components of a. three vector b=(fix ,/3y,(3: }. With x= (x,y,z) and 
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; = ~ (fJ being the module of vcctor b as (J = Ihl), an arbitrary active Lorent.z 
vl-!p 

boost transformation (from the moving frame to the rest frame) can be written as: 

T = T' + (-y ~ 1) (b.,i)b + 7bL' (3 .5.5) 

t = ,(t' + b/") (3.5.6) 

ct l +,'{J; ,'{J.p, " P.P, P., ct' 

" ,'f},f}. 1 + "'I'P; 7' f},f}, P" x 
(3.5 .7) - , 

y ,'(3,f}. 7'(3,f}, 1+ 7'P; f},7 y 

z f}.7 (i,7 (3,7 7 z 

where "'(' = (",-:/1 



Chapter 4 

Results and Discussion 

4.1 Invariant Mass 

The Invariant rviass is a. scalar quantity, it is a Lorentz Invariant, hence it:. vai ucs 

is same in all frfllllcS of references. lf a particle of mass M decays to n objects, the 

invariant mass of the n objects wilt be M as given by relation below: 

" n 
M' ~ p,r" ~ 1: E' - 1:p' 

I i=l' i=l' 
(4 .1.1 ) 

where P" is four momentum of decay ing particle, while E" Pi arc energy and 

3-momcntum of daughter particle. 

From the above fo rmulation t he invariant mass of B~ CEll1 be determined by the 

energy and momenta components of J /'1/1 and ¢. 
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Figure 4.1: Inva ri ant !vloss of B~, J/1/J and ,p. 
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Prom the current s tudy we have plotted the invariant mass distribution of B~,J /1/J 

and ¢ and found their mean mass values to be at. 5.369GeV /2, 3.097GeV /c2 , 1.02GeV 121 

respcctively. The plots arc shown in Fig. 4. 1. 

4.2 Opening A ngle 

The opening angle is the a ngle between t.he daughter particles when they decay 111 

Lab frame. 
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Figure 11. 2: Opening Angle of B~, J/ 1/1 and ¢. 
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The opening angle between the daughter particles decreases with increasing the 

Boost of the parent particle, and mathematically its expression is given by 

(4.2.1) 

In our study we plotted the opening angles between J/1/J and ¢, /.1,+ anci,t- and 

K+ and K- and found their mean values to be 24.21 degrees, 39.43 degrees , 4.991 

degrees when they decay from B~, Jjt/J and ¢ res pectively. The plates arc shown in 

Fig. 4.2. 
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4.3 Total Momentum 

Total i\!lomcntum of the parLicies call be calcu lated from its 3-moment um compollents 

as 

,,~ 

> • 0 
3.000 

0 

~ 61HH1 , 
~-

~ ,~ 

, • ," 

F"""-..... "_l> 
.... s . ).11 

,. , .. '" '" 
Total Momentum or B!<GeVlc) 

~ 

1 , 
o 
z 

,-
~ .. ooo 
0 

3:l
1lOOO 

1'-• ,-
0 .---, 

(4.3.1) 

It~'-..... 41.. 
..... N_" 

\" • '" 
,. ". ,. '" TOI.' Momentum 01 Jly(G.Vlc) 

Figure 4.3: Tot.al !vlomcntUIl1 of B~ , J/1/J and ¢ . 

In the Fig. 4.3 and Fig. 4.4 t he plots of tota l momentum of B~ , J/W find ¢ and 

IL+, IF ,1<+ and K- respectively arc shown. These plots show that most of the events 
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nrc produced at the low momenta while small number of events fire produced at. higher 

va lues of momenta. 

The moolls values of total momenta for B~, J/V), 4>,I/+! 1" - ,1<+ and 1(- arc 51.53, 

'11 .6,28.76,26.09,26.4 , ]8.37 and 18.25 ill units of GcVjc. The plots show that 

daughter particles have smaller ranges than that of t he paront pm'Liclcs. 
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Figl1l'c 4.4: Total i'vlomcnt.um of 11.+, JL- , 1<+ and f( - . 
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4.4 Transverse Momentum 

The t.ransverse momentum of t he particles in the detector is the component of momcll-

tum transverse to z-axis (direction of beam) and its expression is given mathematically 

as 

, • .. " .. 

~-.,­.......... 
~... .." 

" " P, of O:(OoVltl 

.~ 
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• ~ -. 
" ~ ]000 
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"~ 
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, , . 
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(4.4.1) 
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Figure 4.5: Transverse rVlomcntum of B~ , J /'I/J and ¢. 
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4.4.1 n'ansverse Momentum of B~. J /1/J and ¢ 

The transverse momenta. of B~, has a distribution with a long tail on the higher end 

and a mean of 5.26CeV Ie. The plot ah;o shows that the transve rse momenta of B~, 

varies from 0 to nearly 25GeV Ie. 
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Figure 4.6: Transverse Momentum of IJ+ 11'- ,f(+ and f( - . 

Hence we can have B~ , produced along beam as well as in the barrel. Low tra ns­

verse momenta B~, arc produced at higher eta values and vice versa. Transverse 

Momentum of IN' find ¢J arc similar in shape to that of B~, but wil.h a mean of 

3.64CeV Ie and l8CeV Ie respectively. And the range lies from 0 to nea rly 20GcV Ie 
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and 12GcV Ie for J/I/' and ¢ rcspectively. Since J/1/J and rP nrc produced from Bs, the 

mea n and ra nge is smaller t han that of B~, as expected . T he plots arc shown in Fig. 

11.5. 

4.4.2 Transve rse Momentum of /-L+ l l-L - )(+ and K -

The distribution of t ransverse momenta of ,t+, (1,- ,1(+ and 1( - arc simila r in shape to 

that of B~ , but with a mean of2.27GcV /e, 2.29GcV /e, 1.1GCcV /e and 1.16GcV/c and 

the range li~ from 0 to nearly l 1GcV /e, I 1GcV /e, GGcV /e and 6CcV /e respectively. 

Since I.L+ and 11 - arc produced from J/1/J, the mean and range is smaller than that 

of J/l/J as expected and s imilarly as 1( + and K- nrc produced from <p, t he mean and 

range is smaller than t.hat. of <p. The pla tes arc shown in Fig. 4.6. 

4 .5 Tota l E nergy 

The total energy of 13 ~, IN), ¢,/l+,/l- ,K+ and K- is 52.l14 , 42.07, 28.86, 26.09, 26.4 , 

18.42 [lnd 18.3 in the units of GeV respectively as shown by the fo llowi ng d istribut ion 

in Fig. 4.7 [lnd Fig. 4.8. 

The range of total energy is larger ror parent particles than that of daughter 

particles. 
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4.6 Transverse Ener gy 
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The t ransverse energy of particles IS related to the total energy Ilwthcmaticnlly as 

follows: 

&r = E SinO 

The means valucs of tra nsverse energy for B~ , J/¢, ¢, /.1.+, /.t - ,1(+ and 1( - arc 5.752, 

6.078,7. 19,8.701 ,8.693,7.22 and 7.223 ill uni ts of GcV rcspect.ively. The plots arc 



shown in Fig. ll.9 and Fig. 4.10, 
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The t.ra nsverse energy of the particles is smaller t.han the total energy as is obviolls 

from the distribut.ion. 
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4.7 Pseu dorapid ity 
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In experimental particle physics, Pscuc!orapidity, '/. is a commonly llsed spatial COOI'-

dinatc describing the angle of a particle relative to the beam axis. Its mathcl1wtical 

expression is defined ns: 

'1 = -In (ton~) {4.7.1 } 

where 0, is the polar a ngle relative La the beam a.xis. Some va lucs of pscllciorapidity 
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corresponding to polar angle () arc shown in Table 4.1. 

Table 4.1: Va lues of pscudorapidit.y corresponding to polcu' angle 0 

8(dcgrccs) 0 5 10 20 30 45 60 80 90 

'1 in fini t.e 3.13 2.44 1.7ll 1.3! 0.88 0.55 0.175 0 

In hadron collider physics, t he pscudorapidit.y is preferred ovcr the polnr angle B 

because, loosely speaking, particle production is constant as a fUllction of pscudora­

pidity. 

4 .7.1 P seudol'apidity of Bs, J/./1,I/> 

The pscudorapidity of B~ , J/V), ¢ shows t.wo obvious peaks point.ing to the facllhat. 

they arc most ly produccd at eta values 2 to 4 corrcsponding to outer barrel of t he 

detector. The number of t hese particles prod uced nOl'l11al to beam d irection arc less 

as compared to Lhosc produced in the oulor barrel. The plots arc !:ihoW II ill Pig. 4. 11. 
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4.7. 2 P seudo l'a pidity of /,+ . /C 
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The pscudoJ"apidity of 1.L+ , j.t - shows only one peak point ing to the fact Lha\.. they arc 

mostly produced norma l to beam direction and their nu mber produced decreases as 

we go towards the cndea]) . We can have more muons (mass -106 rvlcV jc2 ) in t he 

transverse direction s iuce they arc produced from J/1/J with higher momenta with a 

mean of 2.29CcV /e. The plots arc shown in Fig. 4.12. 
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4 .7 .3 Pseudora pidity of K + ,K -
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The pscuciorapidity of ](+, 1( - shows two peaks pointing to the fact that they arc 

mostly produced at eta values 2_11 corresponding to outer barre! of the detector. T he 

number produced normal to beam direction is less as compared to those produced 

in the outer barrel. The pscuciol"flpidity distribution for kno ns (ma!).') ;:::::: 490 iv[cV /e'l) 

is not similar to that of muons since they flrc produced at relatively lower momenta 

with a mean of 1.16GcY /e. The plots arc shown in Fig. 4.12. 
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408 Polar Angle 

Polar Angle is the angle of the part icles with the beam axis. The plots show that 

most. of the particles nrc produced along beam di rection. The plots of the polar angle 

distribution for /3~, J/1fJ and ¢ arc shown in Fig. 4.13, 
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and Lhose for 11+, It -, f(+ and f(- nrc shown in Fig. ~1. 14. 

4.9 Boost 
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Pig. ll.1 5 and Pig. 4.1G show the boost for particles involved in Ollr channel. Boost. 

is defined as the product of Lorentz factor gamma find velocity beta i.e "({3. tvlath­

cll1!.ltica lly it t urns out to be equal to the ratio of moment.um to the rest. mass of 8 

particle. It is morc convenient to plot this factor in log sca le so we write: 
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(4.9.1) 

.. 
JI" 600$\ 

The Boost is always positive. Boost for B~, J/ 1/1 and ¢ ranges from decimal values 

(corresponding to particles produced at almost rest) to 200-300 (corresponding 1.0 

particles produced at higher momentum). J.L+ , 11.~ ,1<+ and 1( - arc produced with 

relatively higher boost ranging upto 20000 and lOaD respectively. 
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4 .10 Helicity Angles 

4.10 .1 Distribution of Cos 8,,+ 

The plot. shows t.he d istribution of the pola r angle for 1.1.+. T he positive z-axis is 

dC'f1ncd as !hl' dinxlion of flight of ¢ in the rest. frame of B~. This frame is also 

known 8S t.he hclicit.y frame. In t he hclicit.y frame most mllons arc produced normal 

10 t.he z-axis (direction of flight. of J/l/J and t/J). T he plot. is shown in the Fig. 4.17 . 



2200F-----------,,,----, [ •• "It. u_ 
2100 _ "'u n O.OOO7~11 

Rill S O.~l' 

!l 2000 

~ 1900 -

'01800 
o 
z 1700 _ 

1600 

1500 . 

1400 

,,,. 
-"~_ 5 .. -"--~' ~~~*_~5~~~O ----~O_~,----~--~'.5 

Cos0~ 

Pigure 4.17: Distri bution of Cos 8,.+ 

4 .10.2 Distribution of Cos 8J(+ 
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The plot shows the distribution of the polar angle fol' ](+ . T he positive z-axis is 

same. [n the hcHcity frame most knons {lrc produced along z-ax is (Le. pan,llcl to the 

direction of flight of J/1/J and ¢) . The plot is shown in Fig. 4, '18. 
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4.10.3 Dis tribution of X 

This plot. shows the diffe rence of azimut.hal angle of mllons and knons fo r each event.. 

The azimuthal angie for muons and kaons is not useful as x-axis is defined arbitrarily 

but the difference shown by the fo llowing plot gives usefu l information. T he plot is 

shown in t he Fig. '1.1 D. 
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Conclusion 

The LHC at CERN will be the largest b-factory ever built. The decay B~ --J/'I/1t/J­

J.L+ {L --- 1(+ f(- is chosen as a benchmark channel since it is representat ive of exclusive 

B physics studies. It allows to study the capability of eMS to identify, select and 

fu lly reconstruct the decay of the B?, which presents a significant. cha!lcnge due to its 

rela tively low momentum and high background. 

We performed the generator level study of th is channel lIsing a specialized vb 

generator called SINIUB and BtoVVana. The generator level dist ributions of 120000 

events of B~ --dj'I/J¢ -> IL+ tC f( + J(- were studied , in particular their hclicity 

angle distribu tions which were not possible to be study llsing only PYTHIA , QQ and 

ClvISSVl. The following distributions arc generated for each particle involved in the 

decay: Invariant t-,'iass, Opening Angle, Total Momentum, Transverse Momentum, 

Total Energy, 'fransvcrse Energy, Pseudorapidity, Polar Angle, Boost and l-ielicity 

Angles. These distributions help t.o const.minl. different; vflrinbles slIch flS t.r nllsversr. 

momentum , transverse energy, pseudorapidity etc. a t the reconstruction level. Hence 

they are useful for the analysis of real da.ta. when the detector will become opcratiOlwl. 
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